Organization and dynamic remodeling of postsynaptic density (PSD) are thought to be critical in postsynaptic signal transduction, but the underlying molecular mechanisms are not well understood. We show here that four major scaffolding molecules, PSD-95, GKAP, Shank, and PSD-Zip45, show distinct instability in total molecular content per synapse. Fluorescence recovery after photobleaching also confirmed their distinct turnover rates. Among the PSD molecules examined, PSD-95 was most stable, but its elimination did not influence the dynamics of its direct binding partner GKAP. Multiple interactions of scaffolding molecules with the actin cytoskeleton have suggested their importance in both maintenance and remodeling of the PSD. Indeed, acute pharmacological disruption of F-actin rapidly eliminated the dynamic fraction of GKAP, Shank, and PSD-Zip45, without changing synaptic localization of PSD-95. GKAP content in synapses increased after pharmacological enhancement of neuronal activity, whereas Shank and PSD-Zip45 content showed reduction. Inhibition of F-actin dynamics prevented activity-dependent redistribution of all three scaffolds. We also assessed involvement of glutamate receptors in the regulation of PSD dynamics. Genetic manipulations eliminating either NMDA receptors or metabotropic glutamate receptors did not primarily influence mobility of their binding scaffolds. These results collectively indicate a critical role of filamentous actin in determining the extent of dynamic reorganization in PSD molecular composition.
Introduction
Electron microscopic analysis of glutamatergic synapses revealed electron-dense thickening of postsynaptic membranes, which was termed postsynaptic density (PSD) (Palay, 1958) . Biochemical analysis of PSD revealed presence of multiple membraneanchored and cytoplasmic proteins containing a variety of domains for intermolecular association (Garner et al., 2000; Kennedy, 2000; Sheng and Sala, 2001) . A majority of these PSD scaffolding proteins have an ability to interact either directly or indirectly with glutamate receptors. Changes in PSD scaffolding protein content may influence excitatory synaptic transmission through glutamate receptor redistribution (Stein et al., 2003; Ehrlich and Malinow, 2004) . PSD scaffolding proteins also interact with multiple signaling molecules including protein kinases and phosphatases (Dalva et al., 2000; Gomez et al., 2002) . Changes in the activity of these signaling molecules are directly coupled to modulation of signal transduction at synapses. Thus, it is likely that PSD contributes to local information processing at the glutamatergic synapses (Sheng and Kim, 2002) .
Laminar organization of scaffolding proteins within the PSD (Valtschanoff and Weinberg, 2001; Petersen et al., 2003) and their distinct binding domains suggest the presence of multiple rules governing assembly/disassembly of different scaffolding proteins. To unravel this complexity, systematic analysis of individual scaffolding proteins with respect to their interaction with key organizers of the PSD, such as synaptic membranes and the actin cytoskeleton, will be informative. Among the PSD scaffolding proteins, PSD-95-family proteins [also known as membraneassociated guanylate kinases (MAGUKs)] stand out by their tight association with plasma membrane by palmitoylation (Craven et al., 1999; El-Husseini et al., 2002) and are thought to provide a framework beneath the plasma membrane with their direct binding with the NMDA receptors (NMDARs) (Kornau et al., 1995; Kim et al., 1997; Naisbitt et al., 1999; Sugiyama et al., 2005) . In turn, maintenance of the PSD structure may also involve the actin cytoskeleton (Allison et al., 1998) . Recent experiments indicate a variety of interactions between PSD scaffolding proteins and the actin cytoskeleton (Wyszynski et al., 1997; Bockers et al., 2001; Hering and Sheng, 2003) . This indicates the possibility that intact actin meshwork is important in the maintenance and remodeling of the PSD composition. To test these possibilities, dynamics of multiple scaffolding proteins should be analyzed quantitatively, in combination with determination of their differential dependency on both the submembranous protein network and the actin cytoskeleton.
In this study, we analyzed dynamic properties of four scaffolding proteins with distinct domain organizations in living hippocampal neurons. Distinct kinetics of their turnover indicated the presence of multiple regulatory mechanisms. Although we found that glutamate receptors and PSD-95 play minor roles in the PSD maintenance per se, the actin cytoskeleton was essential in both maintenance and reorganization of the PSD. An important role of actin in structural plasticity of the dendritic spine has been proposed (Matus, 2000; Matsuzaki et al., 2004; . Our study here indicates that the actin cytoskeleton also dynamically regulates the molecular organization of the PSD, and thereby integrates and modulates postsynaptic signal transduction.
Materials and Methods

Generation of recombinant adenoviruses and hippocampal cultures.
The generation and characterization of recombinant adenoviruses expressing enhanced green fluorescent protein (EGFP), PSD-95-EGFP, EGFP-PSDZip45, and EGFP-actin were described previously (Okabe et al., 1999 (Okabe et al., , 2001b Furuyashiki et al., 2002) . GKAP N-terminally labeled with enhanced yellow fluorescent protein (EYFP), GKAP L694A mutant N-terminally labeled with EYFP, Shank2 N-terminally labeled with EGFP, and PSD-Zip45 C-terminally labeled with ECFP were constructed by inserting full-length cDNA (Kawashima et al., 1997; Usui et al., 2003) into pEYFP-C2, pEGFP-C2, and pECFP-N1 (Clontech, Mountain View, CA). Replication-deficient adenoviruses and hippocampal cultures from 17-d-old embryonic mice were prepared as described previously (Okabe et al., 1999) .
Microinjection and chemical transfection. Microinjection of expression plasmids for EGFP-tagged Shank and Shank-C (a deletion construct lacking the N-terminal half of the full-length Shank cDNA) was performed as described previously . Injected neurons were allowed to express proteins for 2 d before imaging experiments. Transfection of expression plasmids for EGFP-tagged PSD-Zip45 and PSDZip45 G89A [a point mutation in the EVH1 domain that abolishes interaction with the proline-rich domain of binding partners including Shank and type 1 metabotropic glutamate receptors (mGluRs)] was performed by using Effectene transfection reagent (Qiagen, Hilden, Germany) at 4 d after plating.
Immunocytochemistry and immunoblotting. Cells were fixed in 2% paraformaldehyde in PBS for 25 min at room temperature or with methanol for 10 min at Ϫ20°C, blocked with 5% NGS, and incubated with mouse monoclonal anti-PSD-95 antibody (Affinity BioReagents, Golden, CO), mouse monoclonal anti-pan MAGUK proteins (Affinity BioReagents) (Sugiyama et al., 2005) , mouse monoclonal anti-PSDZip45 antibody (Tadokoro et al., 1999) , rabbit polyclonal anti-GKAP antibody , rabbit polyclonal anti-Shank antibody , rabbit polyclonal anti-NR1 antibody (Chemicon, Temecula, CA), rabbit polyclonal anti-NR2A antibody (Watanabe et al., 1998) , rabbit polyclonal anti-NR2B antibody (Watanabe et al., 1998) , rabbit polyclonal anti-synapsin I antibody (Chemicon), guinea pig polyclonal antivesicular glutamate transporter 1 antibody (Chemicon), and mouse monoclonal anti-SAP97 (synapse-associated protein with a molecular weight of 97 kDa) antibody (Nventa Biopharmaceuticals, Victoria, British Columbia, Canada). Primary antibodies were visualized with goat anti-mouse, anti-rabbit, or anti-guinea pig IgG conjugated to Cy3 (Jackson ImmunoResearch, West Grove, PA) or Alexa (Invitrogen, Carlsbad, CA). Rhodamine-phalloidin (Invitrogen) was applied to the cells fixed in 2% paraformaldehyde in PBS for 25 min and permeabilized in 0.1% Triton X-100 in PBS for 5 min. After 15 min of incubation, cells were rinsed with PBS and subsequent immunoreactions were performed. Immunoblotting was performed using rabbit polyclonal anti-PSD-95, rabbit polyclonal anti-GKAP, rabbit polyclonal anti-Shank, rat polyclonal antiHomer (Chemicon), mouse monoclonal anti-␣-tubulin (Seikagaku Corporation, Tokyo, Japan), and rabbit polyclonal anti-GFP (Invitrogen) antibodies. Primary hippocampal neurons were extracted with either NP-40 buffer (1% NP-40, 150 mM NaCl, 20 mM Tris-HCl, pH 8.0, and protease inhibitors) or radioimmunoprecipitation assay buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 50 mM Tris-HCl, pH 8.0, and protease inhibitors), and immunoprecipitation was performed by using protein-G-conjugated agarose (Santa Cruz Biotechnology, Santa Cruz, CA).
Pharmacological manipulation and electrophysiology. Live cells were placed in a chamber containing Tyrode's solution (in mM: 119 NaCl, 2.5 KCl, 2 Ca 2ϩ , 2 Mg 2ϩ , 25 HEPES, pH 7.4, and 30 glucose) for 30 min before the experiment. The chamber was maintained at 37°C by setting the temperature of the microscope stage at 37°C, the microscope objective lens at 39°C, and the chamber lid at 40°C. We applied a concentrated stock of latrunculin A (Invitrogen) or jasplakinolide (Invitrogen) in prewarmed Tyrode's solution to the chamber. The final concentration of latrunculin A and jasplakinolide was 5 M. Application of latrunculin A at a lower temperature (Ͻ35°C) was less effective in rapid disassembly of F-actin. The effect of latrunculin A was also reduced in the medium containing FBS. The concentrated stock of bicuculline (Sigma-RBI, St. Louis, MO) and 4-aminopyridine (4-AP; Sigma, St. Louis, MO) in prewarmed Tyrode's solution was applied to the microscope chamber at the final concentrations of 50 and 500 M, respectively. Whole-cell patch-clamp recordings from cultured hippocampal neurons were performed as described previously (Okabe et al., 1999) . The concentrated stock of 2-bromopalmitate (50 mM in DMSO; Aldrich, Milwaukee, WI) was applied to culture dishes at the final concentration of 50 M. The cells were assayed 12 h after application of 2-bromopalmitate. AMPA receptor blocker 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Tocris, Ellisville, MO) and NMDAR blocker 2-amino-5-phosphonovaleric acid (APV; Tocris) were added at the concentrations of 10 and 100 M, respectively.
RNA interference. SAP97 and PSD-95 small interfering RNA (siRNA) sequences were as described previously (Nakagawa et al., 2004) . We introduced a single nucleotide substitution in PSD-95 that reflects sequence divergence between mouse and rat. The oligonucleotides were subcloned into the pSilencer siRNA expression vector (Ambion, Austin, TX) and transfected by Effectene transfection reagent at 4 d after plating.
Microscopy. Live cells were mounted in a chamber at 37°C with a continuous flow of humidified 5% CO 2 to maintain the pH of the medium for long time-lapse experiments. Alternatively, culture medium was replaced with Tyrode's solution, and live cells were mounted in a chamber at 37°C without a continuous gas flow. Images were obtained on a Fluoview confocal laser-scanning microscope (Olympus, Tokyo, Japan). A 60ϫ oil-immersion lens (numerical aperture, 1.1) was used, and images were collected at an additional electric zoom factor from 3ϫ to 6ϫ. For long time-lapse imaging, multiple optical sections (z-spacing of 0.3-0.4 m) were collected, and these images were recombined using a maximum-brightness operation. To improve efficiency of time-lapse observation, multiple neurons (three to five cells per experiments) on a coverslip 100 -500 m separated with each other were imaged with intervals of 10 -20 min automatically by using a macro program running on Fluoview software that regulates movements of both the z-axis step controller and x/y-axis stage scanner. Fluorescence recovery after photobleaching (FRAP) experiments were performed using a macro program to control sequential image acquisition and delivery of a photobleaching laser pulse to the region of interest defined by acousto-optic tunable filters.
Image analysis. Image analysis was performed using MetaMorph software (Universal Imaging Corporation, Downingtown, PA) as described previously (Ebihara et al., 2003) . Twenty to fifty clusters were measured for each time-lapse sequence, and four or five independent time-lapse sequences were analyzed at specific developmental stages. The number of fluorescent clusters and the number of time-lapse sequences are as follows: 405 clusters from 16 time-lapse sequences for PSD-95; 390 clusters from 17 time-lapse sequences for GKAP; 365 clusters from 16 time-lapse sequences for Shank; 425 clusters from 16 time-lapse sequences for PSD-Zip45. We used a two-compartment model of protein diffusion for fast FRAP analysis. The difference of EGFP concentration between the dendritic shaft (C 0 ) and the spine [C(t)] is proportional to the movement of EGFP molecules through the spine neck. This relationship can be written as follows:
where Q is the amount of EGFP in the spine head, k is the diffusion coefficient of EGFP, l is the spine neck length, and A is the cross-sectional area of the spine neck. From this equation we obtain the following:
where V is the volume of the spine head. This equation indicates that the recovery of fluorescence follows a single exponential curve and k is inversely proportional to the time constant.
Results
PSD proteins with distinct domain organizations reveal different cluster dynamics at synapses
To obtain a broad view on dynamic properties of PSD scaffolding proteins, we generated four fluorescent probes: EGFPtagged PSD-95, EGFP-tagged PSD-Zip45 (Homer1c), EYFP-tagged GKAP (Kim et al., 1997) , and EGFP-tagged Shank2 (Shank2 is also known as ProSAP1 and cortactin-binding protein 1) (Du et al., 1998; Boeckers et al., 1999; Naisbitt et al., 1999) . PSD-95 is a major scaffolding protein interacting with NMDAR subunit NR2. PSD-Zip45 is a direct binding partner of type 1 mGluRs. GKAP can bind to both PSD-95-and Shank-family proteins. Identification of the interaction between Shank-family proteins and Homer-family proteins suggested that the PSD-95/ GKAP/Shank/Homer assembly functions in linking NMDAR signal complex with mGluRs Tu et al., 1999; Sugiyama et al., 2005) . Four EGFP/ EYFP fusion proteins expressed in primary hippocampal neurons by recombinant adenoviruses formed clusters in dendritic spines, and these clusters were juxtaposed with presynaptic components (Fig. 1 A) . A previous study showed that overexpression of Shank1 promoted the maturation of dendritic spines . Similar effects of EGFP-Shank overexpression on spine size were observed with a high titer of recombinant viruses. However, this effect was negligible in neurons infected with low-titer recombinant adenoviruses, which increased the amount of total Shank to 150 Ϯ 6.3% (mean Ϯ SEM for all data) of the control. We also showed previously that moderate overexpression of PSD-95-EGFP, EYFP-GKAP, EGFPShank, and EGFP-PSD-Zip45 does not induce structural enlargement of spines and accumulation of other PSD molecules (Okabe et al., 1999 (Okabe et al., , 2001a Sugiyama et al., 2005) . To further characterize the effects of four overexpressing EGFP/EYFP fusion proteins, we measured AMPA receptor GluR1 and GluR2 immunoreactivities in the postsynaptic sites of neurons infected with high-titer recombinant adenoviruses (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). We noticed a positive correlation between the PSD-95 overexpression level and synaptic GluR1/GluR2 content. This observation is consistent with a previous analysis of PSD-95-overexpressing neurons in culture (El-Husseini et al., 2000). The effect should be negligible in our experimental condition, because the extent of PSD-95 overexpression for imaging experi- ments is in the lower range (120 -160% of the control), in which increase in synaptic GluR1/GluR2 is estimated to be Ͻ10%. In contrast to PSD-95, little correlation was found between the amount of exogenous GKAP, Shank, and PSD-Zip45 scaffolding proteins and that of synaptic GluR1/GluR2.
Time-lapse confocal microscopy was performed on culture preparations 14 -24 d after plating. At this stage, initial synaptogenesis was already completed and a continual remodeling of synaptic connections took place. Approximately 20% of PSD-95-EGFP clusters turned over within a 24 h period at this developmental stage (Okabe et al., 1999) . In agreement with this, most of the PSD-95-EGFP clusters were stable throughout the observation period of 5 h (Fig. 1 B) . In contrast, a large number of EGFP-PSD-Zip45 clusters showed a dramatic increase and decrease in fluorescence intensity. Fluorescent clusters of GKAP and Shank showed an intermediate phenotype. A quantitative analysis of fluorescence intensity change in individual clusters was performed by plotting normalized cluster intensity against time (Fig.   1C ). Although integrated fluorescence intensities of most PSD-95 clusters remained at constant levels, a rapid deviation of integrated fluorescence from the original value was found in PSDZip45 clusters. Instability of GKAP and Shank cluster fluorescence was intermediate between PSD-95 and PSD-Zip45. The square coefficient of variation (CV 2 ) of normalized cluster intensity was calculated and was plotted against time (Fig. 1 D) . Again, this plot confirmed the intermediate dynamics of GKAP and Shank clusters compared with stable PSD-95 clusters and very dynamic PSD-Zip45 clusters. The value of CV 2 at 1.5 h was taken as a representative index of cluster dynamics and was plotted against days after plating (Fig. 1 E) . The plots indicate that cluster dynamics is independent of neuronal maturation. Retrospective immunocytochemistry with anti-synapsin I antibody confirmed apposition of Ͼ95% of GFP clusters we analyzed with synapsin I-positive puncta in experiments with all four scaffolding proteins. The extent of fluctuation of cluster intensity showed little correlation with the maximal cluster intensity (supplemental 2, available at www.jneurosci.org as supplemental material), indicating that large PSD clusters have similar dynamics as small clusters. Together, these results indicate that distinct kinetics is determined mainly by the intrinsic properties of each PSD molecule and is unaffected by either synaptic maturation or the extent of PSD clustering.
Differential turnover rates of PSD proteins quantified by FRAP analysis
Our quantitative time-lapse imaging experiments revealed distinct kinetics of individual PSD scaffolding proteins. The simplest explanation of the distinct kinetics is that underlying steady-state turnover rates of PSD molecules are different, possibly because of distinct binding affinities of each molecule to other scaffolds. This can be tested by measuring steady-state turnover of proteins in local cytoplasmic environment using FRAP. Interpretation of FRAP data in the dendritic spine, however, needs considerations for confinement of freely diffusible proteins within the spine head (Majewska et al., 2000) . To estimate the extent of confinement, we performed FRAP analysis of soluble EGFP molecules (Fig. 2 A, B) . Fluorescence recovery of EGFP can be fitted by a single-exponential curve with a time constant of 0.771 Ϯ 0.102 s. In a two-compartment model of diffusion, the diffusion coefficient is inversely proportional to a time constant of FRAP recovery (see Materials and Methods) and a diffusion coefficient of protein molecules with molecular weight of 23,000 -340,000 has been reported to be in the range of 2.0 -10.7 ϫ 10 7 cm 2 /s (Truskey et al., 2004) . From these considerations, we calculated that the upper limit for time constants of freely diffusible EGFP/EYFP fusion molecules must be 4.1 s, indicating that FRAP recovery attributable to diffusion is almost saturated after an initial period of 12 s. Indeed, our FRAP analysis of fusion molecules revealed a fast component of fluorescence recovery that could be fitted with a single exponential. However, these fractions were relatively minor in all four scaffolding proteins (13.3 Ϯ 2.6% for PSD-95, 10.8 Ϯ 1.2% for GKAP, 6.5 Ϯ 2.0% for Shank, and 13.6 Ϯ 2.7% for PSDZip45) (Fig. 2C) , suggesting scarcity of diffusible PSD scaffolding proteins.
We next estimated the steady-state exchange rate between cytoplasm and the PSD structure by measuring the slow component of FRAP recovery (Fig. 2 D) . To eliminate the contribution of the diffusible fraction, we set an initial time point of data acquisition at 20 s after bleach-pulse application. This slow FRAP analysis revealed considerably distinct kinetics among four PSD molecules. The most dynamic molecule was PSD-Zip45, and 63.4 Ϯ 6.9% of PSD-Zip45 molecules were already replaced by newly arrived molecules after 300 s. In contrast, exchange of PSD-95 molecules was only 13.9 Ϯ 2.8% after 300 s. Here again, GKAP and Shank showed intermediate kinetics. Coexpression of YFP-tagged PSD-95 with CFPtagged PSD-Zip45 did not alter recovery kinetics of PSD-95, suggesting higher dynamics of PSD-Zip45 is not a secondary effect of synapse modification by its overexpression (Fig. 2 E) . The observed differential FRAP kinetics is consistent with our time-lapse imaging experiments showing differential fluctuations in total cluster fluorescence. Thus, distinct PSD scaffolding proteins have different intrinsic mobility, which may determine the speed and extent of changes in scaffolding protein content per single synapses.
Synaptic localization of PSD-95 is not an absolute requirement for synaptic targeting and for determination of the turnover rate of other PSD scaffolds
The stability of PSD-95 molecules at synapses is consistent with their direct association with the lipid bilayer and suggests their potential role as a core organizer of the PSD. To test this possibility, we disrupted the assembly of PSD-95 and other MAGUK proteins using 2-bromopalmitate, an inhibitor of protein palmitoylation. Previous studies have shown that palmitoylation of PSD-95 is critical to its membrane association and clustering (El-Husseini et al., 2002) . Treatment of hippocampal neurons with 2-bromopalmitate significantly reduced the amount of PSD-95 and its family proteins in synapses (Fig. 3 A, B) . Immunoblotting of primary neurons extracted under the mild detergent condition confirmed dissociation of PSD-95 from the postsynaptic sites after 2-bromopalmitate treatment (Fig. 4 A) . Extraction of primary neurons with an SDS-containing buffer and subsequent immunoprecipitation with an anti-GKAP antibody revealed reduced interaction of PSD-95 with GKAP after 2-bromopalmitate treatment (Fig. 4 B) . These results indicate that release from synaptic membranes after blockade of palmitoylation results in dissociation of PSD-95 from the postsynaptic protein complex.
To determine the effects of PSD-95 dissociation from the PSD (Topinka and Bredt, 1998) . We next attempted to reduce the expression level of SAP97 by RNA interference (RNAi) (Nakagawa et al., 2004) . SAP97 RNAi specifically reduced SAP97-EGFP expression in fibroblast (Fig. 5A) . Expression of SAP97 RNAi also caused profound knockdown of endogenous SAP97 proteins in neurons (Fig. 5B) . When expression of SAP97 RNAi was combined with 2-bromopalmitate treatment, we observed enhancement of MAGUK protein elimination from the postsynaptic sites (Fig. 5C,E) . However, the same treatment did not affect the amount of postsynaptic GKAP (Fig.  5 D, E) . These results collectively indicate the possibility that a major portion of PSD-95 and related MAGUK proteins at postsynaptic sites may not directly contribute to the ultimate synaptic accumulation of GKAP.
Actin-dependent rapid disassembly of multiple PSD scaffolding proteins
Our pharmacological and genetic manipulation to eliminate major membrane-associated scaffolding proteins from PSD did not profoundly change dynamic properties of other PSD components. Therefore, we next assessed the role of actin cytoskeleton that presumably associates with PSD at its cytoplasmic face. Previous imaging experiments revealed rapid turnover of actin in dendritic spines (Star et al., 2002) . To confirm this observation, we performed FRAP analysis of EGFP-actin (Fig. 6 A, B) . Fluorescence recovery of EGFP-actin was completed within 3 min (92.1 Ϯ 6.4% at 300 s) and was inhibited by treatment with 5 M jasplakinolide, an actin filament-stabilizing compound (Ϫ0.01 Ϯ 1.1% at 300 s). Latrunculin A binds to G-actin and inhibits further polymerization of actin filaments. Latrunculin A treatment should be highly effective in eliminating dynamic F-actin from dendritic spines. However, previous studies indicated relatively slow kinetics of actin disassembly after application of latrunculin A (Allison et al., 1998; Okabe et al., 2001b; Usui et al., 2003) . The rate of latrunculin A-induced actin disassembly increased significantly by modifying application protocol (see Materials and Methods). Under the modified condition, most of the EGFPactin signal was eliminated from the spines within 5 min after latrunculin A treatment (Fig. 6C ). The effect of latrunculin A on reduction in endogenous F-actin content was assessed by rhodamine-phalloidin staining (Fig. 6 D) . A significant reduction in phalloidin staining 3 min after latrunculin A treatment (13.4% of the control; p Ͻ 0.001, t test) indicates rapid turnover of filamentous actin in the spine, consistent with the FRAP results.
We next analyzed the degree of PSD scaffolding protein disassembly after acute disruption of F-actin by latrunculin A. PSD-95 clusters were resistant to F-actin disruption, and fluorescence intensity showed little change (97.6 Ϯ 4.0% at t ϭ 15 min) (Fig. 7 A, B) . In contrast, PSD-Zip45 clusters reduced their fluorescence significantly (43.9 Ϯ 7.0% at t ϭ 15 min). A similar amount of fluorescence loss induced by actin depolymerization was observed in the case of GKAP and Shank (54.8 Ϯ 6.6% at t ϭ 15 min for GKAP and 66.5 Ϯ 4.8% for Shank) (Fig. 7 A, B) . The loss of fluorescence in PSD-Zip45, GKAP, and Shank clusters was saturated within 3 min after latrunculin A application, and this rapid time course was comparable to the time course of F-actin disruption. Endogenous scaffolding proteins also showed rapid decreases in immunoreactivity after latrunculin A treatment (Fig.  7C ) (76.0 Ϯ 3.3, 72.4 Ϯ 3.9, and 58.9 Ϯ 5.1% of control preparations for GKAP, Shank, and PSD-Zip45, respectively). We asked whether elimination of PSD-95 by 2-bromopalmitate may influence the size of actin-dependent fraction of other scaffolds. However, application of 2-bromopalmitate before latrunculin A treatment did not increase the relative fraction of the actindependent pool of both GKAP and Shank (Fig. 7D) , indicating that acute removal of MAGUK proteins from synaptic membranes is not sufficient to disrupt the protein organization of PSD scaffolds supported by F-actin.
To biochemically confirm that F-actin is essential to maintain the assembly of scaffolding proteins, primary neurons were exposed to latrunculin A for 5 min and the proteins were subsequently extracted for immunoprecipitation with anti-GKAP and anti-Shank antibodies. Actin disassembly reduced the amount of PSD-95 and GKAP incorporated into the complex precipitated by anti-Shank antibody (Fig. 7E) . In contrast, the amount of PSD-95 in the complex precipitated by anti-GKAP was not altered. We next expressed EGFP-Shank by using recombinant adenoviruses and analyzed the amount of Homer in the EGFPShank-containing complex. Actin disassembly induced dissociation of Homer from the Shank-containing complex (Fig.  7F ) . Collectively, our immunoprecipitation experiments indi- cate that actin disassembly impairs multiple interactions between four PSD scaffolding proteins.
FRAP experiments revealed that ϳ60% of PSD-Zip45, 40% of Shank, and 30% of GKAP are exchangeable within 300 s. If latrunculin A treatment induced disassembly of a dynamic subpopulation of scaffolding molecules, then the FRAP recovery curve after latrunculin A treatment should be altered. To test this, we performed FRAP analysis in the same neurons before and after latrunculin A treatment (Fig. 8) . Time constants of fluorescence recovery were not altered, but the exchangeable fraction was significantly reduced (from 35.7 Ϯ 4.4% to 19.1 Ϯ 3.6% for GKAP, from 34.9 Ϯ 6.9% to 18.4 Ϯ 4.7% for Shank, and from 62.3 Ϯ 1.2% to 15.9 Ϯ 2.1% for PSD-Zip45 at t ϭ 300 s). The result indicates that the dynamic fraction of multiple PSD proteins contains a significant pool that is sensitive to F-actin disruption.
The direct interaction of scaffolding proteins with F-actin was reported previously , and it is possible that rapid turnover of scaffolding proteins is primarily dominated by the kinetics of actin turnover. To test whether a reduction in actin turnover indeed influences the kinetics of scaffolding proteins, we performed FRAP analysis in the presence of jasplakinolide. This treatment did not alter the size of the rapidly exchangeable pool of GKAP, Shank, and PSD-Zip45 (Fig. 8) , indicating that mobile pools of PSD proteins, which are disrupted and eliminated from synapses by latrunculin A-induced actin disassembly, are retained after stabilization of F-actin without changing their dynamic properties.
Rapid redistribution of multiple scaffolding proteins by neuronal activity is dependent on F-actin
We next analyzed roles of actin turnover in the process of activity-dependent redistribution of scaffolding proteins. Application of 50 M bicuculline with 500 M 4-AP induces enhanced synaptic transmission and increases the spontaneous firing rate that sustained Ͼ10 min (Fig. 9A ) (Hardingham et al., 2002) . By using this synaptically evoked stimulation, we monitored distributional changes of actin, PSD-95, GKAP, Shank, and PSD-Zip45 (Fig. 9 B, C) . The response of EGFP-actin was complex, with rapid clustering at the postsynaptic sites within 5 min and their subsequent dissociation. Consistent with our previous observation (Okabe et al., 2001b) , bicuculline/4-AP treatment did not induce redistribution of PSD-95 (94.76 Ϯ 5.20%). In contrast, the identical stimulation protocol induced rapid dissociation of PSD-Zip45 clusters (85.32 Ϯ 5.5% at t ϭ 15 min). Bicuculline/4-AP treatment has been shown previously to induce synchronous bursts of action potentials resulting in plateau-type calcium elevation (Hardingham et al., 2002) , which favors dispersion of PSD-Zip45 (Okabe et al., 2001b) . The response of Shank to bicuculline/4-AP treatment was similar to PSD-Zip45 (85.20 Ϯ 5.1% at t ϭ 15 min). The behavior of GKAP was distinct from PSD-Zip45 and Shank. Accumulation of GKAP to the postsynaptic sites took place within 6 min after the application of bicuculline/4-AP, and this redistribution was not transient (118.0 Ϯ 6.8% at t ϭ 15 min). These results indicate that independent rules apply to activitydependent redistribution of scaffolding proteins. Importantly, application of jasplakinolide prevented both accumulation of GKAP (94.2 Ϯ 1.6% at t ϭ 15 min) and dissociation of Shank and PSD-Zip45 (Shank, 97.9 Ϯ 3.0%; PSD-Zip45, 98.6 Ϯ 1.8%; at t ϭ 15 min), indicating an essential role of actin turnover in the activitydependent reorganization of scaffolding proteins (Fig. 9C) .
To what extent does basal synaptic activity affect the turnover of scaffolding proteins? When intrinsic NMDAR-dependent activity was acutely suppressed by APV, there was no change in the kinetics of scaffolding protein turnover revealed by FRAP analysis (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Relatively low spiking rates of excitatory neurons in our culture system (0.28 Hz) (Okabe et al., 1999) may explain the small effect of suppressing endogenous NMDAR activity on scaffolding protein dynamics.
Does enhanced neuronal activity suppress dynamics of scaffolding proteins? To answer this question, we performed FRAP analysis of GKAP and PSD-Zip45 before and 10 -20 min after bicuculline/4AP treatment. At this time point, the GKAP and PSD-Zip45 amount in the PSD reached a steady state, and this condition allowed us to monitor scaffolding protein turnover by FRAP. Enhanced neuronal activity significantly suppressed dynamics of both GKAP and PSD-Zip45 (from 28.6 Ϯ 1.7% recovery at t ϭ 300 s to 12.1 Ϯ 1.9% for GKAP; from 49.9 Ϯ 6.5% recovery at t ϭ 300 s to 31.4 Ϯ 3.2% for PSD-Zip45) (Fig. 9D) . However, analysis of recovery kinetics suggested that underlying mechanisms of suppression are not uniform. The time constant of PSD-Zip45 fluorescence recovery after bicuculline/4AP treatment was not profoundly altered (76.5 Ϯ 2.4 s before treatment, 90.5 Ϯ 3.4 s after treatment), suggesting that activity does not modulate affinity of PSD-Zip45 to its binding partner. In contrast, the time constant of GKAP fluorescence recovery increased significantly after bicuculline/4AP treatment (50.4 Ϯ 3.3 s before treatment, 105.2 Ϯ 6.6 s after treatment). The increase in the time constant suggests a lower on/off-rate of GKAP. Thus, neuronal activity may lead to increased affinity of GKAP to its binding partner.
Dynamics of scaffolding protein mutants defective in their interaction with other PSD proteins
PSD scaffolding proteins contain multiple binding motifs, and their interactions with other scaffolds and cytoskeletal proteins are thought to be important in the postsynaptic accumulation. Previous studies have shown precise mapping of synapse targeting domains of these molecules, but the role of individual binding domains for the stabilization of protein dynamics has not been characterized. Therefore, we expressed the GKAP L694A mutant, Shank-C mutant (deletion of the N-terminal domain), and PSDZip45 G89A mutant (Fig. 10 A) and measured their FRAP recovery kinetics. We have shown previously postsynaptic accumulation of the GKAP L694A mutant , which does not bind to the PDZ [PSD-95/Discs large/zona occludens-1] domain of Shank. FRAP experiments revealed pronounced acceleration of GKAP L694A turnover (Fig. 10 B) , suggesting the importance of interaction with other PDZ-containing scaffolding proteins, possibly Shank, in GKAP stabilization. Shank-C mutant lacking the N-terminal PDZ domain showed moderate accumulation to the postsynaptic sites compared with the wild-type Shank molecules. FRAP analysis of postsynaptic Shank-C molecules revealed less prominent acceleration of turnover (Fig. 10C) . This result suggests that stabilization of Shank is less dependent on its PDZ domain. We have shown previously the importance of the EVH1 domain of PSD-Zip45 in synaptic targeting . The point mutation of G89A suppresses the ability of the EHV1 domain to interact with the proline-rich domain of synaptic proteins including Shank and mGluRs. PSD-Zip45 G89A still accumulated, albeit less efficiently, in the postsynapse and showed accelerated FRAP kinetics (Fig. 10 D) . Without interaction via the EVH1 domain, most of the PSD-Zip45 molecules were replaced by newly arrived molecules 5 min after photobleaching. Does enhanced FRAP turnover of mutated GKAP and PSD-Zip45 molecules correlate with their dependency on F-actin? We measured scaffolding protein disassembly after acute disruption of F-actin by latrunculin A. The extent of fluorescence reduction was larger in GKAP L694A and PSD-Zip45 G89A mutants compared with the wild-type proteins (Fig. 10 E) . The results indicate that scaffolding proteins with mutations in their binding motifs can be targeted to the postsynapse but are less stable and more dependent on F-actin.
Treatment of neurons with bicuculline/4AP induced accumulation of GKAP and suppression of its dynamics in synapses. To see whether the GKAP L694A mutant shows a behavior similar to wild-type GKAP, we quantitated the synaptic content of GKAP L694A before and after bicuculline/4AP treatment. The GKAP L694A mutant showed similar kinetics and extent of synaptic accumulation after stimulation (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). Furthermore, the extent of mobility suppression of GKAP L694A after bicuculline/ 4AP treatment was similar to that of wild-type GKAP. These results indicate that enhanced activity influences GKAP localization and mobility through a pathway independent of GKAP interaction via its C-terminal PDZ-binding motif.
Lack of destabilization of PSD scaffolds in either NR1-or mGluR5-deficient neurons
Is the actin-independent fraction of scaffolding molecules stabilized by their interaction with membrane receptors localized at synapses? To test this possibility, we examined possible roles of the interactions of PSD-95 and PSD-Zip45 with either NMDARs or mGluRs in regulating scaffolding protein dynamics at synapses. To eliminate the NMDAR complex from synaptic sites, neurons taken from NR1 mutant mice were cultured (Forrest et al., 1994) . Immunocytochemistry of NR1Ϫ/Ϫ neurons revealed a large reduction in NR2A and NR2B to virtually background levels at the synaptic sites (3.2 Ϯ 0.23% for NR2A, 4.5 Ϯ 0.33% for NR2B; n ϭ 4), in addition to complete elimination of NR1 (supplemental Fig. 5A , available at www.jneurosci.org as supplemental material). Despite a significant reduction in NMDAR subunits, immunoreactivity of PSD-95 was indistinguishable from wild-type culture (95 Ϯ 4.4%; n ϭ 4). FRAP analysis of PSD-95-EGFP also revealed unaltered kinetics of PSD-95 turnover (Fig. 11) . A major postsynaptic group 1 mGluR in CA1 pyramidal neurons is mGluR5. We therefore prepared hippocampal neuronal culture from mGluR5 mutant mice (Lu et al., 1997) . Distribution of PSD-Zip45, Shank, and PSD-95 clusters in mGluR5Ϫ/Ϫ neurons was indistinguishable from wild-type neurons (supplemental Fig. 5B , available at www.jneurosci.org as supplemental material). Fluorescence intensity of PSD-Zip45 clusters in mGluR5Ϫ/Ϫ neurons was comparable to that in wild-type neu- rons (92 Ϯ 6.7%; n ϭ 4). Furthermore, FRAP analysis of EGFP-PSD-Zip45 revealed unaltered recovery kinetics (Fig. 11) . Thus, absence of two types of glutamate receptors failed to influence localization and dynamics of PSD scaffolding proteins, despite the presence of direct binding motifs to the receptors in these PSD proteins.
Discussion
In this study, we presented several lines of evidence indicating distinct dynamics for different PSD proteins. Time-lapse analysis of individual fluorescent clusters revealed the rate of redistribution in the following order: PSD-Zip45 Ͼ Shank Ͼ GKAP Ͼ PSD-95. FRAP analysis of the steady-state exchange rate of scaffolding proteins confirmed the differential dynamics. The fact that two independent experimental approaches revealed the same order in kinetic properties strongly supports the existence of regulatory mechanisms specific to individual molecules. Our subsequent analyses indeed revealed several mechanisms, which were based on either differential dependency on the actin cytoskeleton or intermolecular interactions of scaffolding proteins via specific binding domains.
The affinity of PSD molecules to their binding partners, together with the stability of binding partners themselves, is an important parameter regulating the turnover rate within PSD. FRAP analysis of four scaffolding proteins revealed the presence of a dynamic fraction with the time constants of several minutes. This fraction represents molecules weakly attached to the PSD and/or associated with dynamic cytoskeletal components. Our pharmacological analysis identified critical involvement of dynamic actin cytoskeleton in the maintenance of this exchangeable fraction. Previous studies indicated a possible involvement of actin cytoskeleton in proper localization of both glutamate receptors and a subset of scaffolding molecules (Allison et al., 1998; Usui et al., 2003; Nonaka et al., 2006) . In this study, we extended these observations by capturing and quantifying the rapid redistribution of PSD proteins after acute disassembly of F-actin. The observed disassembly of scaffolding proteins was significant and occurred to a variable degree in three distinct protein species. The same disassembly protocol of F-actin also dissociated PSD-95, GKAP, and Homer from the Shank-containing protein complex isolated by immunoprecipitation. Thus, we conclude that the presence of F-actin is critical in the integration and maintenance of multiple scaffolding proteins in the PSD.
Biochemical analysis revealed the interaction of Shank and Homer proteins with a variety of molecules involved in the actin cytoskeletal network. Shank interacts with ␣-fodrin (Bockers et al., 2001) , cortactin (Hering and Sheng, 2003) , and Abp1 (Qualmann et al., 2004) . Both fodrin and Abp1 interact with F-actin. Cortactin can bind to both F-actin and Arp2/3 complex (Weed et al., 2000) . Homer-family proteins also reported to bind with F-actin and an actin-binding protein, drebrin . Although these biochemical data are consistent with the idea that exchangeable fractions of Shank and Homer proteins interact with dynamic actin cytoskeleton, the basic scaffolding structure involved in the linkage between the Shank-Homer complex and actin cytoskeleton is not yet clear. Both cortactin and drebrin have been shown to be involved in the morphogenesis of spines (Hayashi and Shirao, 1999; Hering and Sheng, 2003) , suggesting their ability to interact with and reorganize spine F-actin. Specific inhibition of cortactin and drebrin activity should be performed to evaluate their roles in linking PSD scaffolds with F-actin.
FRAP experiments also revealed immobile fractions of PSD-95, GKAP, Shank, and Homer. These fractions represent molecules tightly associated to a stable structure, which is resistant to actin depolymerization. Elimination of NMDARs, mGluR5 receptors, and MAGUK proteins did not significantly alter clustering and FRAP kinetics of PSD-95, Homer, and GKAP, respectively. What are the anchoring mechanisms of PSD-95, Homer, 
